closely allied with those seen in Eucarya, whereas most protein sequences (Iwabe et al., 1989) . (Adapted from Woese et al., 1990.) metabolic aspects of Archaea more strongly resemble reflect missing critical components in the in vitro system, Transcription While the core components of the transcription apparaor could it be that archaeal genome replication (like tus (the three largest subunits of the RNA polymerase) eukaryotic genome replication) involves multiple oriare universal in distribution, the archaeal and eukaryotic gins? Or, might it be that the archaeal replication polyversions are decidedly more similar to one another than merase has not yet been discovered? either is to their bacterial counterpart. The archaeal holoBacterial and archaeal genomes show operonal orgaenzyme contains a number of additional subunits that nization, something not characteristic of eukaryotes.
have counterparts only among eukaryotes (Langer et al., Does this reflect a specific relationship between Ar-1995; Bult et al., 1996) . The mechanism for transcription chaea and Bacteria, or is it merely the ancestral condiinitiation in Archaea looks like a simple form of that seen tion, lost in eukaryotes? On a deeper level, what, if anyin eukaryotes; neither of which resemble the bacterial thing, does it tell us about the evolution of genomic mechanism (see minireview by Reeve et al., 1997 [this organization? Despite impressive detailed parallels beissue of Cell]). tween certain operons in Bacteria and Archaea, opero-
The two general archaeal and eukaryotic transcription nal organization is evolutionarily fluid; reorganization, initiation factors, TATA-binding protein (TBP) and the loss or gain of genes, and loss or creation of operons family that includes transcription factors IIB and IIIB themselves are well documented. And, although some (generically TFB), are of particular interest. The main of the archaeal ribosomal protein genes (and others) are section of each molecule comprises a tandem repeat. organized into "bacteria-like" operons, the correspondAlthough each molecule has diverged in sequence siging amino acid sequences are most similar to those of nificantly over the phylogenetic course, it is not possible their eukaryotic, not bacterial, counterparts. Ancestral to ascertain with certainty whether the first (or second) or not, it is evident that operonal organization can be repeat in archaeal TBP is the ortholog of the first or convergent.
second repeat in the eukaryotic case. This lack of differQuestions about genome structure and organization entiation of the halves of the TBP repeat suggests that inevitably lead back to the most recent common ancesthe evolutionary split between the archaeal and eukaryal tor (Universal Ancestor). Of the three main cellular inforlineages occurred relatively soon after the gene duplicamation processing systems, genome replication, trantion event that gave rise to TBP's repeat structure. Interscription, and translation, the first is the only one whose estingly, the presumed progenitor of TBP, a homodimer central component(s) are not universally conserved. This of half-size molecules, would be symmetrical in strucstrongly implies that the mechanism for genome replicature and hence incapable of defining the direction of tion was the least developed of the three at the time of transcription. Was it defined instead by the ancestral the Universal Ancestor. If central components of the TFB? machinery for handling the genome of the Universal TFB, unlike TBP, shows some evidence for the orAncestor were nascent, this must also be true of the thology of the archaeal repeats with their eukaryotic genome itself, although the evidence here is less direct.
counterparts. Moreover, the archaeal and eukaryotic Perhaps the Universal Ancestor did not have a consoliTFBs share a homologous N-terminal domain, indicating dated genome, but rather a disperse collection of "operthe protein was essentially in its present form at the ons" (a situation analogous to that seen in the macronutime of the archaeal/eukaryal split. cleus of some modern ciliates). To accommodate a
The above situation has several evolutionary implicacomplete ribosomal RNA gene, or the largest subunit of tions. First, the universal RNA polymerase subunits are RNA polymerase, the size of such "minichromosomes" most consistent with a DNA genome at the time of the would need to be several thousand base pairs; thus Universal Ancestor. Second, the lack of a universal tranone could also envision operons of comparable size, for scription initiation mechanism suggests a lack of initiaexample groupings of ribosomal protein genes.
tion factors as we know them-seductively compatible At the extreme, one could question whether the Uniwith a world in which minichromosomes were somehow versal Ancestor had a DNA-based genome at all. The transcribed from one end to the other. Transcriptional case has been made that DNA is the most dispensable regulation of gene expression would, of course, be probof the Central Dogma's molecular trinity. The presentlematic in such a world. The specific commonality day universality of DNA topoisomerases and DNAbetween archaeal and eukaryotic versions of transcripdependent RNA polymerases (in self-replicating systion predicts the two shared an important evolutionary tems) strongly suggests the presence of DNA in the history subsequent to the Universal Ancestral stage. Universal Ancestor (for more details, see minireview by RNA Splicing Edgell and Doolittle, 1997 [ 
this issue of Cell]). RNA is
The history of RNA splicing and its role in early evolution the most popular alternative to an ancestral DNA-based is frequently debated, but the archaeal data are unlikely genome, but RNA suffers from chemical lability. If the to resolve the issue. Several distinct types of splicing genome were highly segmented and redundant, this must be considered (see minireview by Belfort and might present less of a problem. Alternatively, a genome Weiner, 1997 [this issue of Cell] ). Archaeal genomes composed of 2Ј-O-methyl RNA (a modified nucleotide have not provided direct evidence of early spliceosomal of universal distribution) would be more resistant to both introns; none of the spliceosome components are evichemical hydrolysis and depurination, and would also dent. Nor have group I or group II self-splicing introns have increased resistance to denaturation-perhaps too been found-a surprise given their presence in both much so. Even if the Universal Ancestor had a DNABacteria and Eucarya. The more interesting story lies in based genome, these conjectures would still apply to the splicing of archaeal tRNAs and rRNAs by mechanisms related to those used for eukaryotic tRNA intron some earlier stage in the evolution of life.
removal. In spite of differences in the details of the reacin the Bacteria or eukaryotes. When a full crenarchaeal tions, the archaeal splicing protein is a distant relative genome sequence becomes available, many more such of two of the proteins in the corresponding yeast reaccases are expected. The large number of genes confined tion. As with many other components of the information to Archaea attests to the group's uniqueness and to systems, there is no known bacterial homolog, hence no the challenge that archaeal metabolism presents to the evidence that it was present in the Universal Ancestor.
biochemist.
Translation
In the broader perspective, group-specific genes Although not finalized, translation was a highly develpoint the way to taxonomy's future. The day is ending oped process at the stage of the Universal Ancestor.
when relationships among major taxa can be based on The rRNAs and most of the ribosomal proteins, the the phylogeny inferred for one or a few molecules (a tRNAs and their charging enzymes, and the major elonmethod that all too often focuses on arcane debates gation factors are universally distributed. An important over details, while failing to reinforce the remarkably unanswered question is whether translation at this early broad areas of consensus). A systematics based on stage was sufficiently developed to have accuracy commolecular phylogenies must cope with the facts that parable to that seen today-a necessity for evolving the not all genes in an organism's genome share the same large proteins characteristic of modern cells (Woese and evolutionary history and that not all genes can be effecFox, 1977). Much of the answer turns on the functional tively used for phylogenetic analysis-some trees differ significance of those translation components that are because the gene histories are different, others because not universally distributed. For example, almost all the they are merely uncertain. With full genomes, many ortranslation initiation factors and a fair number of riboganismal groups will be clearly defined in terms of large somal proteins qualitatively distinguish the Archaea and sets of shared unique genetic traits; organisms belongEucarya from the Bacteria. However, if we are correct ing to a taxon so defined would each possess a substanin our supposition that the largest subunits of RNA polytial fraction of the genes in the set, while those not within merase were present (and intact) in the Universal Ancesthe group would possess few if any of them. In this tor, then there must have been sufficient accuracy to respect, we think it improbable that the numerous genes make large proteins at that stage. The issue of intactness shared by Archaea and Eucarya, but absent in Bacteria, is important for, in the Archaea, one or both of the subwere all present in the Universal Ancestor and subunits exist in two parts.
sequently lost in the ancestral bacterial stem (someThe fact that asparagine and glutamine do not have times to be replaced by a separately invented functional aminoacyl-tRNA synthetases in the Archaea (see minianalog). review by Dennis, 1997) , and that, more surprisingly,
In the present context we have made no attempt to two others, those for lysine and cysteine, could not be summarize or explain the similarities of the metabolic identified by normal database searching methods (Bult genes that seem to specifically unite Archaea and Bacteet al., 1996) , suggests more complexity to the evolution ria. In some instances there is no recognizable homolog of these enzymes than conventional wisdom now allows.
in the Eucarya, while in others there is simply a greater It also raises the question as to the state of tRNA chargsimilarity of the archaeal-bacterial pair. Numerically, ing at the Universal Ancestor stage. How could major these Bacteria-related genes constitute a greater fracvariation in these essential enzymes evolve when the tion of the M. jannaschii genome than do the genes genetic code was already solidified in detail?
(including most of those for replication, transcription Protein Splicing and translation) that appear to unite the Archaea and Although introns have not been found in any protein the Eucarya. We have suggested that the former could coding genes of Archaea, inteins (self-splicing protein result from the degeneration of metabolic capacity in sequences) have. These little understood entities pose the eukaryotic lineage (Olsen and Woese, 1996) . It intriguing problems in their distribution, evolution, and is important to ask whether this interpretation can be in vivo excision. Why, for example, if they occur in all reconciled with our argument that the bacterial informathree primary lineages and contain homing endonucletion processing system is not a simplified version of a ases, which provide the potential for rapid horizontal more complex ancestral form (as seen in the Archaea transfer (Perler et al., 1997) , are they not uniformly disand Eucarya). Most of our reasons for accepting a eukartributed, even within a genus? The answers to, and even yotic metabolic simplification, but not a bacterial inforthe framing of, these key questions will have to await a mational streamlining, are that the former presents a much larger collection of examples. Yet the fact that the relatively uniform, consistent picture, while the latter M. jannaschii genome contains 18 inteins (Bult et al., comprises numerous, often conflicting, vignettes. A 1996) , with as many as three in one gene, replication broader, more representative sampling of genomes will factor C, is an indicator of the interest that these enigbe needed to resolve this issue. matic entities will generate.
The evolutionary picture emerging from genomics, as Final Thoughts we retrace our ancestry further and further back into A striking feature of the M. jannaschii genome was the the past, is an unsettling, yet entrancing one. Looking high fraction of genes, about 50%, that match nothing back toward the Universal Ancestor, the simple world of in the sequence databases. Although some of these are distinct organismal lineages and a robust, well-defined likely to remain unique to M. jannaschii, others should connection between genotype and phenotype-founturn out to be characteristic of the Archaea as a whole dation stones of biology-loses its substance, dissolvor various major subgroups thereof. Currently, a number ing in the turbulent evolutionary dynamic that shaped of examples are known of genes that span the phylogenetic breadth of the Archaea, but have no counterparts genotype, phenotype, and their connection. From the information processing systems seems to emerge a consistent, informative, and satisfying picture of cellular evolution and that of the primary lines of descent. Although far from chaotic, metabolism seems an evolutionary morass-a sure sign of conceptual revolution and enlightenment to come. In this history-laden world of microbial genomics, the evolutionary perspective necessarily changes from one of teasing ourselves with speculation to that of teasing out the grandest history of all.
